We demonstrate that subwavelength scatterers can couple sunlight into guided modes in thin film Si and GaAs plasmonic solar cells whose back interface is coated with a corrugated metal film. Using numerical simulations, we find that incoupling of sunlight is remarkably insensitive to incident angle, and that the spectral features of the coupling efficiency originate from several different resonant phenomena. The incoupling cross section can be spectrally tuned and enhanced through modification of the scatterer shape, semiconductor film thickness, and materials choice. We demonstrate that, for example, a single 100 nm wide groove under a 200 nm Si thin film can enhance absorption by a factor of 2.5 over a 10 µm area for the portion of the solar spectrum near the Si band gap. These findings show promise for the design of ultrathin solar cells that exhibit enhanced absorption.
Photovoltaics (PV) technology is currently enjoying substantial growth and investment. Although there are many approaches to photovoltaic cell design and fabrication, the key performance metric is the cost per watt of PV-generated electricity, which motivates a reduction in material utilization facilitated by enhanced optical absorption. To date, little systematic thought has been given to the question of how plasmon excitation and light localization might be exploited to advantage in photovoltaics. Using insights derived from the other phenomena studied in the plasmonics field, we outline approaches to dramatically modify the light absorption in thin film solar cells. In particular, the ability of plasmonic structures to localize light at subwavelength dimensions is synergistic with use of ultrathin thin film absorbers, as well as quantum well, quantum dot, and potentially molecular photovoltaic absorber materials.
Conventionally, it is thought that photovoltaic absorbers must be optically "thick" to enable nearly complete light absorption and photocarrier current collection. Typically these absorbers are semiconductors with thicknesses several times the optical absorption length; for silicon this thickness is greater than 100 µm, and it is several micrometers for direct bandgap compound semiconductors. Furthermore, high-efficiency cells must have minority carrier diffusion lengths several times the material thickness. Thus solar cell design and material synthesis considerations are strongly dictated by this simple optical thickness requirement.
On the other hand, thin film solar cells show promise as economic alternatives to conventional silicon-wafer-based photovoltaics, combining high efficiency with low processing and materials costs, 1 and thin film cells of CdTe, 2 amorphous Si, 3 and CuIn x Ga 1-x Se 2 4,5 (CIGS) have been fabricated with absorbing layers a few micrometers thick. Reducing the cell thickness can increase the conversion efficiency, since the dark current resulting from bulk recombination decreases with decreasing thickness. Thin absorber layers could also significantly expand the range and quality of absorber materials that are suitable for photovoltaic devices by enabling efficient photocarrier collection across short distances. This allows for the use of low-dimensional structures such as quantum dots and wells, of inexpensive materials such as polycrystalline thin semiconductor films with low minority carrier diffusion lengths, and of novel materials with advantageous optical properties but poor electronic performance, such as polymers. So long as the layer can be made to absorb a significant fraction of the incident light, there is potential not only for cost and weight reduction with thinned layers but also for conversion efficiency enhancement associated with an increased carrier excitation level in the cell.
In conventional cell designs, efficiencies of nanometerthickness cells are strongly limited by decreased absorption, carrier excitation, and photocurrent generation, and so new strategies for enhanced absorption and light trapping are desirable. 6, 7 Conventional light trapping schemes use wavelength-scale surface texturing on the front or back of the cell to enhance light absorption. These features, often several micrometers high, are too large to be used with extremely thin films, since the total film thickness is smaller than the surface roughness. 8 Metallic nanostructured thin films, which support surface plasmon polaritons (SPPs), have the potential to confine and guide incident sunlight into wavelength-scale or subwavelength thickness absorber layer volumes. 9 SPPs are collective oscillations of free electrons at the boundary of a metal and a nonconducting dielectric or semiconductor material. [10] [11] [12] These modes are highly localized at the metal surface and can propagate for several micrometers with minimal loss, but the metal film must be nanostructured because the momentum mismatch between photons propagating in dielectric media and SPPs prohibits their direct excitation by incident light. Coupling to SPPs results in absorption in a mode volume that is small relative to the exponential absorption profiles that occur in conventional bulk semiconductors. 13 Enhanced absorption thus increases the solar cell's photocarrier injection level and has the potential to achieve performance resembling that of a concentrator cell in which increasing the carrier injection level increases the open circuit voltage.
Previous studies incorporating surface plasmons in photovoltaics have mainly focused on the large resonant scattering cross sections of plasmonic nanoparticle structures fabricated on the top surface of a thin semiconductor film with no back contact. [14] [15] [16] This paper investigates a different geometry of plasmonic solar cell, shown conceptually in the three-dimensional (3D) schematic of Figure 1a , consisting of a thin semiconductor absorber film with an underlying nanostructured plasmonic waveguide as the back contact. The nanostructures in this case are subwavelength grooves, tiled to be polarization independent. The incident light is scattered at the metal-semiconductor interface by a subwavelength object into propagating modes in the metal-semiconductor interface plane, transverse to the incident light direction. The energy in propagating modes, including SPPs, can be partially absorbed by the semiconductor layer, although some will be dissipated via Ohmic losses in the metal. This geometry decouples the direction of optical absorption, which is in-plane, from the direction of carrier collection, which is out-of-plane. Our group has previously experimentally demonstrated bulklike absorption in a monolayer-thick CdSe quantum dot film, which has inspired our further design and optimization of the incoupling structures. 13 We mainly focus on Si here, as it is the most prevalent, abundant, and wellestablished photovoltaic absorbing material, as well as being the material system considered in other plasmonic solar cell designs, 14, 15 but the design rules enumerated here are easily extended to a wide range of materials. In the last section, we compare the absorption enhancements in Si and GaAs thin films and discuss the consequences of different choices for the backside metal.
Historically, optical excitation of SPPs has been performed by prism coupling, 17, 18 and more recently by gratings, 19 which can be highly efficient but limited in both wavelength and angular range. The diffraction and scattering of small apertures have been studied for a number of years, 20, 21 with particular attention recently to the transmission properties of holes and slits. [22] [23] [24] [25] [26] [27] [28] We have recently found that as few as four scatterers are sufficient to fabricate efficient gratings based on subwavelength slits. 28 Gratings with small numbers of elements are interesting because they are less frequency selective, and we show here that the limiting case of a single scattering object, such as a ridge or a groove in a metallic film, can also act as a relatively efficient broadband coupler from freely propagating modes to guided modes. 13, 29, 30 Although efficient and practical incoupling structures will employ periodic or aperiodic arrays of scattering objects, our focus in this paper is on single scattering objects so as to discern the scattering physics by itself. A future paper will address design of arrays of scatterers.
We use quantitative full-field electromagnetic simulation that employs the finite-difference time domain (FDTD) method to assess the incoupling cross section σ of various incoupling structures across the solar spectrum and to determine the angular dependence of the absorption enhancement effects. Figure 1b shows the schematic of a typical structure we simulated, a 200 nm thick layer of Si on 300 nm of Ag with a single 100 nm wide by 50 nm deep groove etched into the Ag. Each simulation generates a map of time-harmonic electromagnetic fields for a steady-state plasmonic device with continuous wave, monochromatic input. Figure 1d shows the H y field of the structure illustrated in Figure 1b . Depending on the thickness of the absorbing material, additional waveguide modes may be present; we call these modes photonic modes since they more closely resemble the slab waveguide modes of finite thickness planar dielectric films. The photonic and SPP modes differ in their spatial overlap with the semiconductor and metal layers and, hence, in the ratio of enhancement of semiconductor photoabsorption to metallic Ohmic loss, but if properly designed both can contribute to photogeneration of charge carriers.
We developed an approach that allows for the modal decomposition of scattered light into the SPP and photonic modal components, using a postprocessing method of Fourier mode spectral analysis (FMSA) to calculate the spectrum of the guided modes. We separately consider the relative absorption fractions in the semiconductor and metal for various materials combinations. This technique allows us both to analyze features of each mode, such as the spatial energy density profile and the propagation lengths in the waveguide, and to connect to other design figures of merit such as the incoupling efficiency for a variety of scattering objects. For the structure represented in Figure 1a , only two modes exist, and Figure 1c shows the modal profile for the two modes in the waveguide, plotting the power in each mode as a function of position in the waveguide. This allows us to visualize each mode more clearly: the SPP mode is bound to the Si/Ag interface, with power decaying exponentially into the waveguide, and the photonic mode is localized mainly in the Si slab.
The incoupling cross sections give a measure of the "effective size" of the scatterer for coupling light into specific modes, either plasmonic or photonic in nature. Since the simulations are 2D, the incoupling cross sections reported have units of length rather than area. Furthermore, the incoupling cross section gives an inkling of design parameters for arrays of light harvesting incouplerssfor a single wavelength the scattering objects should be spaced σ apart to harvest all of the incident light. The details of the FMSA method and the calculation of the incoupling cross sections are shown in the Supporting Information. Although this paper addresses the design considerations for photovoltaic devices, the FMSA analysis method is general and is applicable to other devices, such as photodetectors or light sources.
Since we are interested in the broadband incoupling response for various nanostructures, we tested each scattering object across a range of incident wavelengths matching the region of the solar spectrum where silicon exhibits significant spectral response, from 400 to 1200 nm. Panels a and d of Figure 2 show typical examples of the incoupling cross sections for SPP modes and photonic modes in a device with a 100 nm wide by 50 nm deep groove cut into the Si/Ag interface. Figure 2a is for a device with a 200 nm thick Si layer, and Figure 2d is for a 150 nm thick layer; all other conditions are identical. Both devices exhibit several strong peaks in σ, with σ generally increasing with increasing wavelength, where less energy is absorbed in the silicon slab before reaching the scatterer.
The modal incoupling efficiencies of these structures across the investigated spectral range can be described by the convolution of three different physical resonances in the device. First, the interference within the thin film leads to a resonant Fabry-Pérot cavity effect within the film at various wavelengths, depending on the film thickness. 31 The multiple reflections at resonant frequencies in the film leads to stronger interaction of incident light with the scattering object and to increased incoupling into propagating modes. Second, at the SPP resonance frequency the high local fields near the scatterer lead to increased incoupling into the photonic waveguide modes. At this frequency the SPP has low group velocity and therefore is bound to the vicinity of the scattering object. Third, the incident light induces a polarization in the scattering object. For objects much smaller than the incident wavelength, the induced polarization is resonant at modes whose number and strength vary with the scatterer's shape and dimensions. 32, 33 At these resonant frequencies the local fields near the scattering center are very high, and both the absorption cross section and the scattering cross section of the object will be at maximum. The incoupling ability over the entire spectral range is a combination of these three physical phenomena, and the frequency response of incoupling cross sections can be tuned by appropriate modifications of the layer thicknesses and scatterer geometries.
At all of these resonant conditions the field magnitudes will be high near the scattering object. Consequently the incoupling cross sections are large near resonant frequencies. In panels b and e of Figure 2 , we calculate the field magnitudes at the centerpoint of the groove mouth for both finite thickness films and a semi-infinite film of Si, in order to separate thin film interference effects leading to resonances from inherent resonant properties of the groove. We see that the calculated incoupling cross sections show peaks that line up with the field magnitudes for the finite thickness slabs, from which we deduce that the field magnitude at the groove is a good indicator of incoupling efficiency.
To further investigate the effects of the film thickness on incoupling efficiency, we consider the interference in the thin film. The film can be modeled as a Fabry-Pérot cavity, where the two mirrors are the Si/Air and Si/Ag interfaces, characterized by reflectivities R 1 and R 2 , respectively. To quantify the absorption enhancements occurring at resonant cavity modes, we define a figure of merit F ) AQ, where A is the thin film absorbance, i.e., the fraction of incident energy that gets absorbed in the film as a result of multiple reflections, and R and T are the thin film reflectance and transmittance.
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Q is the approximate quality factor of a Fabry-Pérot cavity with thickness t, refractive index n, absorption coefficient R, and reflectivities R 1 and R 2 at the two interfaces, given by the following expression:
[1 -exp(-2Rt)] is the fraction of energy absorbed in the material in a cavity round trip, and the 1 -R i factors account for the fractions of energy lost at reflection off each boundary. We calculate R 1 and R 2 from R i ) |r i | 2 , where r i is the Fresnel reflection coefficient. 31 The first peak in Figure 2a , at λ ) 680 nm, is present in σ photonic but is absent in σ SPP . From comparison with Figure  2b and Figure 2c , we see that this point lines up with a maximum in the H y field in both the slab and the semi-infinite film, as well as with one of the resonant frequencies of the 200 nm thick Si slab. We identify this peak as a product of both the SPP resonance and the Fabry-Pérot resonance of the film. If it were the Fabry-Pérot resonance of the film alone, the semi-infinite thickness slab would not have a field maximum at that frequency. This effect results in higher incoupling for the photonic mode, as the SPP mode is localized near its resonant frequency and its incoupling cross section is small in this range. For the 150 nm thick film, the Fabry-Pérot calculation of the film shows that there is no resonance at 680 nm, and so this is an appropriate case to deconvolve the two effects. We now see two peaks in both σ photonic and H y,150nm , at 580 nm (lining up with the blueshifted Fabry-Pérot resonance due to the smaller film thickness) and at 680 nm, the SPP resonance. The semiinfinite film shows no field intensity peak at 580 nm, indicating that this incoupling peak is due to the Fabry-Pérot resonance alone. This incoupling maximum is observable only in the photonic mode, since the SPP mode has short propagation lengths at this frequency. A second Fabry-Pérot mode is observed at 840 nm, where again the H y, semi-infinite field is relatively low. Although not shown, we also compared the E x and E z field magnitudes across the spectrum, and at the Fabry-Pérot resonant frequencies the in-plane electric field also has a maximum, while the out-of-plane electric field is relatively constant. This is consistent with an out-of-plane resonant Fabry-Pérot mode in the slab.
The peak around 1100 nm observed for both film thicknesses is attributed to the magnetic dipole resonance of the groove. The semi-infinite structure, which is exempt from any Fabry-Pérot intereference effects, shows a peak at 1100 nm, indicating that the enhanced incoupling is not due to the Q of the film. In the 200 nm thick film, there is significant scattering into both modes, and the position lines up with an additional Fabry-Pérot cavity mode, and so we attribute the peak to the convolution of the magnetic dipole with a Fabry-Pérot mode in the Si film. In the 150 nm thick film the effect is mainly on the SPP mode; for this reduced thickness, the photonic mode approaches its cutoff frequency.
We further investigate the nature of this maximum in incoupling cross section at 1100 nm by changing the width of the groove from 50 to 300 nm at fixed depth for the t ) 200 nm case. Figure 3a shows the incoupling cross section σ, the "effective" width of the structure, against the physical size of the groove w. For the photonic mode, the incoupling cross section increases linearly with size, until it reaches 200 nm at which point it flattens out. For small grooves the effective scattering cross section is proportional to the physical width w with ratio σ ) aw. This relationship breaks down for larger grooves, which behave less like quasi-static dipole scatterers. Above w ) 200 nm the edges of the groove act independently, and there is no further gain from increasing size. The incoupling to SPP modes is strongly affected by this dipole character; the SPP cross section peaks at w ) 110 nm then declines for larger grooves. Since the number of photonic modes depends on the thickness of the absorbing layer, and for very thin devices only the plasmonic mode will be supported, this confirms that subwavelength scatterers are important for the thinnest devices.
Turning our attention from groovelike couplers to ridgelike couplers of the same aspect ratio, the scattering response changes, shown in Figure 4 . Although the qualitative spectral shape is similar, with a peak at 680 nm and at 1100 nm, the incoupling cross sections are much higher for the ridge, and energy is predominantly coupled into photonic modes. For example, at λ ) 1100 nm, the total incoupling cross section is σ groove ) 0.35 µm, with σ photonic ) 0.15 µm, while for the ridge the total incoupling cross section is σ ridge ) 0.52 µm, with σ photonic ) 0.5 µm. Intuitively this is reasonable because the ridge is a polarizable dipole-like scatterer located closer to the middle of the waveguide, whereas the groove is a dipole-like scatter located in the plane of the metal-semiconductor interface. Although the total incoupling cross section is higher for the ridge, ultrathin devices that do not support photonic modes will be more efficiently served by subwavelength grooves.
Another type of resonance that could affect the incoupling efficiency of the groove is Fabry-Pérot cavity modes inside the groove itself. We probe the effect of this type of resonance by choosing a small width (w ) 50 nm) and varying the depth incrementally from 50 to 220 nm at one incident wavelength (λ ) 800 nm). In Figure 3b we show the ratio of the incoupling cross sections with respect to a reference groove that is 50 nm deep. The bottom panel shows the ratio of the magnitude of the E z field at the groove mouth with respect to this same reference groove. The first interesting detail is that the shallowest groove studied, d ) 50 nm, is the most efficient incoupler. As the groove gets deeper, the amplitude of the oscillation decreases, as more energy is absorbed within the groove and the field magnitude is weak at the interface. Most importantly, however, the variation with depth is quite small, and we conclude that while the Fabry-Pérot mode in the groove cavity is present, it is not a critical feature of design.
At this point we have found determining factors for the spectral shape of the incoupling cross sections, but we have not considered whether the energy in each mode is absorbed in the semiconductor or lost to the metal. Light coupled into a propagating mode can be absorbed in either material, but cell efficiency will only be improved when the absorption occurs in the semiconductor, which will be responsible for enhanced carrier generation in the cell. To this end, we use a separate computational method to calculate the absorption fractions in each material. Our spectral filtering method also allows us to determine power absorption in the semiconductor due to standard thin film reflection/transmission processes without the influence of the scattering. The average time-harmonic electromagnetic power absorbed in a given material depends on the divergence of the Poynting vector, u a ) ∇·S: 
where ω is the frequency of the input wave, ″ and µ″ are the imaginary parts of the permittivity and permeability, respectively, for the materials in the device, and |E| 2 and |H| 2 are the magnitudes of the electric and magnetic fields. In our structure, µ″ ) 0 for all our materials, and this second term drops out.
For each mode that propagates in the device, some portion of the energy will be absorbed in the semiconductor and some lost to the metal. There may also be localized resonances near the groove that are not coupled into propagating modes but still lead to local enhanced absorption. Although certain frequencies have much higher incoupling cross sections than others, the scattering efficiency shows relatively broad spectral features, and there may be significant absorption enhancement at nonresonant frequencies as well. These enhancements are for optical absorption only and do not necessarily correspond to actual generation of carriers. This calculation focuses only on the photon absorption by the material without accounting for the carrier generation and collection efficiencies.
The exact fractions of useful absorption to loss will of course depend on the wavelength and also on the choice of both semiconductor and metal. We define a figure of merit for absorption enhancement, the ratio of absorption in the semiconductor with a groove, u a , to the absorption in a identical film without a groove, u a,0 . This will cancel out absorption enhancements due purely to the Fabry-Pérot resonances of the film but will preserve the effects of the groove and the propagating modes. Figure 5 shows this absorption enhancement ratio for different materials combinations, in particular for Si ( Figure  5a ) and GaAs (Figure 5b ). The absorption enhancements are calculated for the entire simulation volume, a 10 µm × t area, with t the film thickness, and the groove at the center, which is equivalent to modeling an infinite linear array of scatterers, assuming a 10 µm spacing between elements. The incident beam is a 1 µm half-width Gaussian beam.
Looking at Figure 5 in more detail, we see that, with the exception of a few data points in the 200 nm of GaAs, the absorption enhancement ratio is always greater than 1. This demonstrates that the groove has significant broadband response and is not only effective at the resonant frequencies. The dips in both the Si and GaAs profiles correspond to the wavelengths with significant Fabry-Pérot resonance. In general, we see the strongest absorption enhancement for optically thin layers. Relatively opaque layers such as the 200 nm of GaAs will absorb a significant fraction of the light before it scatters and will have minimal interaction with the scattering center.
For the 200 nm thick layer of silicon in Figure 5a , the incoupling generally increases with increasing wavelength, except at the frequencies near Fabry-Pérot resonances. Near the band edge where there is very little Si absorption and propagation lengths are long, we see the most enhancement over the 10 µm area, as well as a peak at the dipole resonance of the groove. For the 150 nm thick film where the film resonance is shifted to 580 nm, we clearly observe the enhancement at resonance and at the band edge, reaching an enhancement factor of 2.5 at 1100 nm.
The GaAs response is somewhat flatter than the Si response, reaching a high of 1.6 near the band edge at 880 nm. This is not surprising, since GaAs is a direct bandgap semiconductor and already a strong absorber. In this case, the semiconductor absorber layer can be made much thinner, and here we show calculations for a 50 nm thick layer on both Ag and Al. The 200 nm layer shows a relatively small enhancement, except near the band edge where absorption is low. The dips at 540 and 680 nm match the Fabry-Pérot film resonances for GaAs. For the 50 nm film on Ag, the enhancement is much greater, with a strong peak at SPP resonance and the Fabry-Pérot dip shifted to 760 nm. For the same thickness layer on Al, the spectral shape is quite different because the Fabry-Pérot resonance of the film is shifted out to longer wavelengths and has little response in the 500-800 nm region. The losses in Al are higher, however, so the overall enhancement due to semiconductor absorption is much lower. Overall, then, Ag is the preferred back contact over Al, due to the different loss ratios, and we find that, while the most absorption enhancement occurs at resonant frequencies, there is significant broadband response over a large area of the film.
Finally, in Figure 6 we consider our other incoupling design goal, angle insensitivity. Figure 6 shows the absorp- tion enhancement ratio as a function of angle of incidence for a 100 nm wide by 50 nm deep groove in 200 nm of Si, from 0 to 60°. Since the frequencies of the Fabry-Pérot modes change with angle, the absorption enhancement is a more appropriate figure of merit than incoupling cross sections to study the intrinsic behavior of the groove. First, the absorption enhancements at all angles are g1, indicating that there are no additional losses due to the modal incoupling at higher angles. We find that at the four frequencies monitored, in the 700-1000 nm region where there is significant power coupled into SPP modes, the enhancements are quite isotropic, confirming that single subwavelength grooves can act as broad-angle incouplers.
In conclusion, we have shown that single subwavelength scattering objects on the metallic back surface of a thin film solar cell can enhance the absorption in the semiconductor over large areas, observing up to 2.5× enhancement at the longest wavelengths investigated. We find that the spectral scattering response depends on the geometric factors of the object, the thickness of the absorbing film, and the choice of materials and quantitatively show how both the incoupling cross section and semiconductor absorption can be tuned and enhanced throughout the visible spectrum. The SPP waveguidebased solar cells proposed have the potential to achieve significant absorption enhancement within small volumes of material, thereby both reducing the cost and opening the door to unusual materials with short carrier diffusion lengths. Figure 6 . Absorption enhancements as a function of angle of incidence for 700-1100 nm incident light. The illumination source is a 1 µm half-width Gaussian beam, and the enhancements are calculated over a 10 µm area. This enhancement is relative to a control set with no groove and considers only the absorption which occurs in the Si layer.
